Aim The aim of this study is to characterise the choroidal features of patients diagnosed with sarcoid-and tuberculosis (TB)-associated granulomatous uveitis using spectral domain optical coherence tomography (OCT). Methods Twenty-seven patients (27 eyes) diagnosed with sarcoid-(13 eyes) and TB (14 eyes)-related uveitis were included in this retrospective, cross-sectional study. Over a sixmonth period, patients diagnosed with sarcoid and TB granulomatous uveitis were scanned using enhanced depth imaging OCT. Clinical and demographical characteristics were recorded, including the method of diagnosis, disease activity, site of inflammation (anterior or posterior), treatments, and visual acuity (VA). Manual segmentation of the choroidal layers was performed using custom image analysis software. Results The main outcome measure was OCT-derived thickness measurements of the choroid and choroidal sublayers (Haller's large vessel and Sattler's medium vessel layers) at the macula region. The ratio of Haller's large vessel to Sattler's medium vessel layer was significantly different at the total macula circle in eyes diagnosed with TB uveitis (1.47 ( = 140.71/95.72 μm)) compared with sarcoid uveitis (1.07 ( = 137.70/128.69 μm)) (P = 0.001). A thinner choroid was observed in eyes with a VA ≥ 0.3 LogMAR (Snellen 6/12; 198.1 μm (interquartile range (IQR) = 147.0-253.4 μm) compared with those with VA o0.3 LogMAR (292.4 μm (IQR = 240.1-347.6 μm)) at the total macula circle (P = 0.004). At the foveal central subfield, the median choroidal thickness was 336.8 μm (IQR = 272.3-375.4 μm) in active compared with 239.3 μm (IQR = 195.3-330.9 μm) in quiescent disease (P = 0.04). Conclusion A disproportionately enlarged Sattler's layer may indicate a diagnosis of sarcoid-related uveitis, and choroidal thickening may be a feature of active granulomatous uveitis.
Introduction
Granulomatous uveitis is a chronic inflammatory process that can involve both the anterior and posterior segments of the eye. 1 It is characterised by clinical features including 'mutton-fat' keratic precipitates in the cornea, cells within the anterior chamber and vitreous, retinal vasculitis, and focal or diffuse choroidal lesions. [2] [3] [4] [5] Granulomatous disease may result from either an autoimmune process, most commonly sarcoidosis, 2, 3 or a systemic infection, usually tuberculosis (TB), 2, 6, 7 occurring either as an isolated ocular condition or as part of a wider systemic disease. 8 Sarcoid-and TB-associated granulomatous uveitis can cause visual disability from inflammatory sequelae such as cystoid macula oedema, glaucoma, or chorioretinal ischaemia. 9 Fortunately, the majority of patients with sarcoid-and TB-associated uveitis are responsive to immunosuppressive treatment and/or the appropriate antimicrobial therapy. 10 However, these treatments can have potential side effects, causing significant ocular and systemic morbidity linked to duration and dosage of treatment and even a possible increase in mortality rates with biologics such as TNFα. 11, 12 And so, the clinician faces the constant challenge of balancing the risk of uncontrolled inflammation on visual outcome with the potentially devastating side effects of immunosuppressive therapy. It is therefore important that the level of treatment for each individual patient is closely titrated against disease activity. In current practice, methods for assessing disease activity are largely reliant on clinical examination-grading the number of cells and intensity of flare in anterior chamber or vitreous by manual or automated means, or measuring the size of retinal or choroidal lesions. 13 Although fluorescein and indocyanine green angiography offers additional information regarding disease activity, it is an invasive procedure, and not suitable for the frequent testing required to closely titrate treatment to disease activity in the patient. 14 In recent years, the rapid advancement of optical coherence tomography (OCT) technology has allowed non-invasive imaging of the choroid in addition to the retina in cross-section. [15] [16] [17] Several early studies have indicated how OCT-derived choroidal images can be useful in uveitic disorders. For example, OCT has been used (1) to describe characteristic features of specific uveitis entities, including thinning of Haller's large vessel layer of the choroid in idiopathic panuveitis and extra-macular choroidal changes in birdshot chorioretinopathy; 18, 19 (2) to identify distinct stages of a disease process as illustrated by punctate inner choroidopathy; 20, 21 (3) objective measurement of vitreous inflammation; 22 and (4) to monitor response to therapy, exemplified by a reduction of subfoveal choroidal thickening with corticosteroid therapy in Vogt-KoyanagiHarada disease. 23 Additionally, the potential of OCT angiography in uveitic diseases has yet to be realised.
In this study, we used enhanced depth imaging (EDI) protocols to acquire OCT-derived images of the choroid in eyes with sarcoid-and TB-associated granulomatous uveitis. Quantitative analysis of these images was performed in an effort to identify parameters, which may potentially be applied in the clinical arena, for example, to aid diagnosis and measure disease activity.
Materials and methods

Data collection
Clinical and imaging data from patients with granulomatous uveitis were collected retrospectively from consecutive patients attending Moorfields Eye Hospital uveitis clinics over the first 6 months of 2012. Patient notes were also checked 12 months later to confirm diagnoses. Approval for data collection and analysis was obtained from the Moorfields Eye Hospital research and ethics committee and adhered to the tenets set forth in the Declaration of Helsinki.
Diagnostic and inclusion criteria
The First International Workshop on Ocular Sarcoidosis (FIWOS) recommended four levels of certainty for diagnosis in patients in whom other possible causes of uveitis had been excluded: 24 (1) biopsy-supported diagnosis with a compatible uveitis was labelled as definite ocular sarcoidosis; (2) if biopsy was not done but the chest X-ray was positive showing bihilar lymphadenopathy associated with a compatible uveitis, the condition was labelled as presumed ocular sarcoidosis; (3) if biopsy was not done and the chest X-ray did not show bihilar lymphadenopathy but there were three of the classic intraocular signs and two positive laboratory tests, the condition was labelled as probable ocular sarcoidosis; and (4) if lung biopsy was done and the result was negative but at least four classic intraocular signs and two positive laboratory investigations were present, the condition was labelled as possible ocular sarcoidosis. Only patients with definite, presumed or probable sarcoidosis were included in this study. The combination of clinical signs and laboratory tests proposed by the FIWOS has been validated to be highly specific and sensitive for the diagnosis of ocular sarcoidosis. 25 With TB-associated uveitis, the large variations in clinical presentation and the lack of uniformity in diagnostic criteria makes diagnosis difficult. 26 Most patients have no evidence of Mycobacterium tuberculosis in their ocular biopsies. 27 Patients with clinical ocular signs suggestive of TB, 5 and positive microscopy or culture of Mycobacterium tuberculosis from any bodily fluid, in the absence of another identifiable cause for their uveitis were labelled as definite ocular TB. In the absence of confirmatory microbiology, when other identifiable causes of uveitis had been excluded, patients were labelled as presumed ocular TB only if they met all of the following three published criteria: (1) ocular signs suggestive of TB 5 ; (2) positive QuantiFERON-TB Gold test [28] [29] [30] [31] [32] ; and (3) positive response to anti-tuberculous therapy. 33 Disease activity was recorded from notes based on clinical examination and investigations including macula OCT, fundus fluorescein, and indocyanine green angiography. Anterior chamber activity was graded by measuring the number of cells and intensity of flare. Posterior segment activity was based on the clinician's impression of significant vitritis, vasculitis, chorioretinitis, and papillitis. Cases of intermediate uveitis, posterior uveitis, and panuveitis were recorded as 'posterior uveitis'. Only cases of isolated anterior chamber activity with or without cystoid macula oedema were recorded as 'anterior uveitis'.
Protocol for image acquisition
Each patient was scanned using custom EDI protocols first described by Spaide et al. 15 In each case, a macular centred scan was performed on one eye, and consisted of seven OCT B-scans obtained in a 20 × 5 degree horizontal raster pattern; with each individual B-scan generated from 50 averaged scans.
Quantitative analysis of OCT images
For the generation of retinal and choroidal thickness maps, raw OCT data were exported from the Heidelberg Spectralis OCT system and imported into validated custom grading software (OCTOR) developed by Doheny Image Reading Center, Los Angeles, CA, USA. 34, 35 All OCT image sets contained a minimum of 13 B-scans distributed in a horizontal raster pattern overlying the area covered by the nine subfields of the Early Treatment Diabetic Retinopathy Study (ETDRS) grid. For each OCT image set, the inner and outer boundaries of both the retina and the choroid were manually segmented. All boundaries were drawn in accordance with a standard OCT grading protocol by a grader masked to patient identity, underlying diagnosis and disease activity. 36 The retinal space was defined as the space lying between the inner aspect of the internal limiting membrane and the outer border of the photoreceptor outer segments. The choroid was defined as the space between the outer border of the retinal pigment epithelium and choroidoscleral junction. The choroid was further subdivided into Haller's large vessel and Sattler's medium vessel layers. On OCT, the walls of blood vessels appear hyperreflective, and their lumens appear hyporeflective. Haller's large vessel layer was defined as the outer choroid, consisting of large hypointense spaces representing large vascular luminal spaces (with luminalto-vessel wall ratio ≥ 50%). 37 Sattler's medium vessel layer consisted of small-to medium-sized hypointense spaces, surrounded by hyperintense stroma (with a lumen-to-vessel wall ratio o50%), giving a mottled appearance on scans. This layer also included the choriocapillaris, which is not easily distinguishable with the current resolution of OCT images. 38, 39 The foveal central subfield (FCS), in μm, corresponds to the ETDRS central subfield (area 9), and the total macular circle (TMC) corresponds to ETDRS areas 1-9.
Statistical analysis
Non-parametric analyses were used as histograms reveal that the distribution of data was skewed to the left. The χ 2 -test was used to assess categorical variables and, Mann-Whitney U-test and Spearman's rank correlation coefficient were applied to continuous variables.
Owing to multiple statistical comparisons, we applied a Sidak correction to adjust P-values to a more stringent value of P ≤ 0.004 to allow for an experimental wide type 1 error of 10%. Less stringent Po0.05 were also presented. Statistical analyses were performed using SPSS software version 16 (SPSS, Inc., Chicago, IL, USA).
Results
Over a 6-month period, 36 patients with a diagnosis of granulomatous uveitis suspected to be secondary to sarcoidosis or TB were imaged according to the protocol above. Nine patients were excluded as diagnoses were later reclassified (one syphilis, one Lyme disease, and seven idiopathic panuveitis). Patient demographics and clinical characteristics of the 27 patients included are listed in Table 1 .
Baseline characteristics
The median age of all patients was 51 years (interquartile range (IQR) = 37-62, range = 20-80). The median age of patients diagnosed with sarcoidosis was 52 years (IQR = 45-63, range = 28-70), greater compared with patients with TB at 46 years (IQR = 36-58, range = 20-80). However, this did not reach statistical significance (P = 0.20). There was also no significant difference between visual acuity (VA), gender, diagnosis subtype, disease activity, and anatomical site of uveitis or treatment regimes between groups ( Table 1 ).
The effects of granulomatous uveitis on choroidal morphology
Sattler's medium vessel layer of the choroid is thicker in eyes diagnosed with sarcoidosis The ratio of median Haller's large vessel layer to median Sattler's medium vessel layer was significantly different in eyes diagnosed with TB (1.47 ( = 140.71/95.72 μm) compared with eyes diagnosed with sarcoidosis (1.07 ( = 137.70/128.69 μm)) at the TMC (P = 0.001), but did not achieve statistical significance at the FCS (1.38 ( = 162.85/118.01 μm) vs 1.15 ( = 166.09/144.43 μm)) (P = 0.02; Figures 1 and 2) . Most of the variation in choroidal thickness between sarcoid-and TB-related uveitis occurred in Sattler's medium vessel layer. No significant differences were observed in the choroidal sublayers between active or quiescent, or anterior or posterior disease. Although total choroidal thickness measurements were correlated with age at the TMC (r = − 0.51, P = 0.007) and FCS (r = − 0.50, P = 0.007), no associations between the ratio of median Haller's to median Sattler's vessel layers were observed at the TMC ((r = − 0.23, P = 0.25) and FCS (r = − 0.16, P = 0.44)).
VA and choroidal thickness measurements The median VA of all patients was 0.18 LogMAR (IQR = 0.00-0.30 LogMAR),
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and there was no difference between eyes diagnosed with TB or sarcoid (Table 1) . However, in the TMC, eyes with a VA equal to, or worse than, 0.3 LogMAR had a significantly thinner choroid (198.1 μm (IQR = 147.0-253.4 μm)) compared with eyes with a VA better than 0.3 LogMAR (292.4 μm (IQR = 240.1-347.6 μm)) (P = 0.004) with factors including age and disease activity well matched between these subgroups. However, at the FCS, this did not reach statistical significance (P = 0.02; Figure 3 ). Choroidal thickness measurements, showed a modest correlation with LogMAR VA (R 2 = − 0.17, P = 0.04) at the TMC and FCS (R 2 = − 0.10, P = 0.10), but did not reach statistical significance. There was no significant difference in age of the good VA (o0.3 LogMAR) group vs the poor VA (≥0.3 LogMAR) group (P = 0.27). Figures 1 and 3 ). There were no significant difference in age between active and quiescent groups (P = 0.50).
The effects of granulomatous uveitis on retinal morphology
In the 27 eyes analysed, the median retinal thickness measurement was 286.5 μm (IQR = 271.2-309.1 μm)) at the TMC and 235.9 μm (IQR = 216.6-261.7 μm) at the FCS. Retinal thickness measurements at the TMC and FCS showed good correlation within patients (R 2 = 0.56, P = 0.0001). There were no significant differences in retinal thickness between type of granulomatous uveitis, disease activity or anatomical site of uveitis.
Discussion
In this cross-sectional study, we assessed OCT-derived measurements of choroidal thickness, and its component Haller's large and Sattler's medium vessel layers, in eyes with sarcoid-and TB-associated granulomatous uveitis.
The ratio of Haller's large to Sattler's medium vessel layer measured over the TMC was significantly different in eyes with sarcoid compared with TB uveitis. Although the median total choroidal thickness measurements were not different between both entities, Sattler's medium vessel layer on average contributed 48.3% of the total macular choroidal thickness in sarcoid uveitis compared with 40.5% in TB uveitis. However, there was no distinct cutoff in the ratio of these layers to reliably distinguish between these granulomatous diseases. A published data set of healthy subjects reported that Sattler's layer contributed~20-30% of the macular choroidal thickness. 39 We speculate that the difference in relative thickness of the choroidal sublayers may reflect the different underlying pathogenesis of sarcoid-and TB-related uveitis. In 1976, Gass and Olson 40 in a clinicopathological correlative study of a patient with sarcoid posterior uveitis, found that lesions labelled as 'focal choroiditis' were actually below the retinal pigment epithelium and not within the choroid. Other studies have since supported these findings, observing that in Sattler's medium vessel layer was disproportionately enlarged in eyes diagnosed with sarcoid compared with TB uveitis. This did not achieve statistical significant at the FCS (1.38 ( = 162.85/118.01 μm) for TB vs 1.15 ( = 166.09/144.43 μm) for sarcoid) (P = 0.02). There was also no distinct cutoff in the ratio of these layers to reliably distinguish between the diseases. Quartiles 1 and 3 are delineated by the borders of the box. The median is represented by the solid line within the box. The whiskers extend from quartile 1 to the minimum value and from quartile 3 to the maximum value. Because of the skew of the data, medians and IQRs were presented.
The choroid in granulomatous uveitis
H Mehta et al sarcoid-associated uveitis, deep choroidal involvement is infrequent. 41, 42 This is in contrast to TB-associated uveitis where choroidal involvement is commonly observed. 4, 43 Furthermore, in a recent clinical study, it was observed that ocular TB in the posterior segment presents as a retinal vasculitis that not only predominantly affects venous structures but also chorioretinal structures adjacent to involved vessels. In comparison, the classic feature of sarcoid-associated posterior uveitis, 'candle wax drippings', was found to be a periphlebitis primarily located in the inferior retinal periphery without adjacent vascular or choroidal involvement. 8 If future prospective studies confirm that the relative thickness of the sublayers of the choroid are indeed characteristic for either disease, EDI-OCT may prove a useful aid in the diagnosis of these granulomatous diseases. It should be noted that TB-associated uveitis can have disparate retinal and choroidal manifestations, and this study, with the relatively few cases available, cannot distinguish whether there are differences in choroidal thickness measurements according to the type of presentation.
In this study, we observed an association between a thin choroid and poor VA at the TMC (P = 0.004), but interestingly not the same degree of significance at the FCS (P = 0.02). A possible explanation is that OCT images over the TMC cover a larger area (9π mm 2 ) than the FCS (0.25π mm 2 ), and therefore the TMC is more representative of the total choroidal thickness of the eye. It may be that occurrence of choroidal inflammation over extended periods ultimately leads to generalised choroidal atrophy and thinning, and it is this, rather than focal choroidal atrophy under the fovea, that affects visual function. This raises the question as to whether choroidal thinning in chronic granulomatous disease is localised to the macula region or more widespread, especially as granulomatous uveitis can present with diffuse posterior segment signs. 5, 42, 44 In a recent study, extra-macular scans performed in eyes diagnosed with birdshot chorioretinitis demonstrated generalised choroidal thinning outside the macula. 18 Although factors including age and disease activity were well matched between the good (o0.3 LogMAR) and poor (≥0.3 LogMAR) VA groups, other confounders are possible.
EDI-OCT studies into other uveitic conditions such as Vogt-Koyanagi-Harada disease 23 and Behçet's disease 45 have observed a thicker choroid in active compared with quiescent disease. A possible explanation for this observation is that in the presence of inflammation, the release of mediators such as prostaglandins causes blood vessels to dilate leading to increases in OCT-derived measurements of choroidal thickness. 46 This does not occur in the vessels of the retina as autoregulation maintains a constant perfusion pressure to the corresponding vascular tree. 47 However, in the highly vascular choroid, no such autoregulatory mechanism is present. 48, 49 We hypothesise that the 'spongiform' choroidal vasculature is highly reactive to changes in the inflammatory state of the immediate environment, with consequent changes to choroidal thickness measurements. Measuring choroidal thickness could therefore provide a non-invasive method to monitor disease activity within an individual over time. This would be important in addressing the difficult therapeutic question encountered in clinical practice-when and how quickly to taper immunosuppressive therapy, thereby allowing treatment to be better tailored to the individual patient.
In this cross-sectional study, we observed a trend of a thicker choroid in active (median 336.8 μm (IQR = 272.3-375.4 μm)) compared with quiescent (median 239.3 μm (IQR = 195.3-330.9 μm)) granulomatous uveitis (P = 0.04), but this did not reach statistical significance at the stringent P ≤ 0.004 level set to avoid the chance of type 1 errors. This might be explained by the observation that choroidal thickness is highly variable between individuals and is significantly dependent on variables such as age and sex, which were recorded in this study, and factors such as refractive error and axial length, which were not recorded. However, looking for longitudinal changes within an individual may allow some of the natural choroidal variation between individuals to be accounted for. [50] [51] [52] [53] Strengths of the study included the use of a validated segmentation protocol to analyse OCT images from patients with a relatively rare disease entity. 36 To the authors' knowledge, this is the largest EDI-OCT study in granulomatous uveitis to date. There are a number of limitations. First, it included patients from a single tertiary referral centre that has a bias towards a more severe spectrum of disease. However, the data presented are likely to represent the patient cohort more likely to require immunosuppressive therapy and hence close monitoring. Second, the retrospective cross-sectional design carries inherent bias and longitudinal prospective studies involving larger patient cohorts and dual-grading will be required to confirm our findings. Third, diagnoses were not all based on biopsy-proven cases. This reflects real world clinical practice. The clinical and laboratory diagnostic criteria, detailed in the Materials and methods section, has high specificity and sensitivity reported in the published literature. 25, 28 Fourth, imaging with current OCT equipment was limited to the macula region, and as discussed above preliminary evidence suggests that extramacular scans may be more discriminatory for disease activity and visual function. It is likely that nextgeneration OCT devices, with faster acquisition times, will allow larger areas of the choroid to be assessed. 54 Finally, we used manual segmentation using custom software that is not currently available in the clinical arena. However, efforts are underway to provide automated choroidal thickness maps, similar to automated retinal thickness maps currently available, particularly with the coming next-generation OCT systems. 55 In conclusion, we observed that Sattler's medium vessel layer was disproportionately enlarged in sarcoid compared with TB-related uveitis, and there is a trend for the choroid to be thicker in active granulomatous uveitis. In addition, choroidal thinning was observed to be associated with reduced VA. These OCT-derived parameters of the choroid, if validated in larger prospective studies, may not only offer insights into diagnosis and visual prognosis for eyes with granulomatous uveitis but also potentially be used to monitor disease activity within an individual over time or as an objective measure for clinical trials.
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